Diabetic retinopathy (DR) is characterized by structural and functional alterations in the retinal microvasculature, causing capillary occlusion, vascular hyperpermeability, and neovascularization in the retina. Extensive study of diabetic retinal neurodegeneration indicates that DR is additionally a neurodegenerative disease; further, the potential relationship between neurodegeneration and microvascular impairment has been discussed.[@bib1] Recently, macular microvascular changes in DR have been frequently reported in optical coherence tomography angiography (OCTA) studies.[@bib1]^--^[@bib15] However, the optic nerve head area and the ganglion cell complex (GCC), which are usually analyzed in glaucoma and optic neuropathy, are not intensively studied in DR.[@bib16]^,^[@bib17] Because DR is considered a neurovascular degenerative disease caused by multifactorial and complex mechanisms,[@bib18] studying the characteristics of simultaneous changes in microvasculature and neuron at different stages of DR becomes indispensable and meaningful.

Having emerged as a noninvasive imaging technique without dye injection, OCTA allows for fast visualization of macular vasculature and differentiation of various retinal vascular layers, such as superficial capillary plexus (SCP) and deep capillary plexus (DCP).[@bib1]^,^[@bib4]^,^[@bib5]^,^[@bib7]^,^[@bib10]^,^[@bib13]^,^[@bib15] Most recent qualitative and quantitative studies on DR using OCTA were focused on structural changes in the foveal avascular zone (FAZ) and the macular retinal microvasculatures,[@bib1]^--^[@bib15] and have proposed OCTA as a potential tool for measuring the macular area and for follow-up in patients with DR. In addition, most studies on retinal neurovascular impairment detected by OCTA are focused on preclinical or early DR,[@bib17]^,^[@bib19]^--^[@bib22] and do not sufficiently consider the changes in both retinal microvasculatures and neurons at all DR stages. Furthermore, even among the lesser number of studies in the literature that are focused on the relationship between the OCTA parameters and the stage of DR,[@bib1]^,^[@bib2]^,^[@bib8]^,^[@bib10]^,^[@bib14]^,^[@bib15] only a few have attempted to combine these parameters to differentiate eyes with and without DR, or eyes with nonproliferative DR (NPDR) from those with proliferative DR (PDR).[@bib10]^,^[@bib13]

Accordingly, the objective of this study is to investigate the change in characteristics from no DR to PDR based on the OCTA parameters in the macular area, optic nerve head area, and GCC. In addition, this study seeks to identify the OCTA parameters that are most related to DR severity to differentiate the stages of DR.

Methods {#sec2}
=======

This prospective, observational, and cross-sectional study complied with the ethical principles of the Declaration of Helsinki, and was approved by the research ethics committee of Guangdong Provincial People\'s Hospital. In addition, written informed consent was obtained from all participants.

Patients {#sec2-1}
--------

Patients with type 2 diabetes mellitus who underwent OCTA at the Department of Ophthalmology at Guangdong Provincial People\'s Hospital between June 2018 and January 2019, were included. DR was evaluated and categorized into no DR, mild NPDR, moderate NPDR, severe NPDR, and PDR based on clinical assessments by two experienced ophthalmologists (QM and JW) using the proposed international DR severity scale.[@bib23]^,^[@bib24] Diabetic macular edema (DME) was confirmed by optical coherence tomography (OCT). The exclusion criteria included media opacities, coexistence of other retinal diseases, glaucoma or ocular hypertension, axial length (AL) shorter than 20.0 mm or longer than 27.0 mm, history of ophthalmic intervention procedure (e.g., laser photocoagulation, anti-vascular endothelial growth factor intravitreal injection, and vitrectomy), and low-quality OCTA images (e.g., quality index of ≤60, blink artifacts, poor fixation leading to motion or doubling artifacts, and/or segmentation errors).

Ophthalmic Examinations {#sec2-2}
-----------------------

All participants underwent a comprehensive ophthalmic examination, including best-corrected visual acuity, intraocular pressure measurement, slit-lamp examination, dilated fundoscopy, nine fields of 45° color fundus photography (TRC-NW8 fundus camera, TOPCON, Tokyo, Japan), ocular biometry (LS900, Haag-Streit, Köniz, Switzerland), OCT (HRA-OCT, Heidelberg Engineering, Jena, Germany), and OCTA (Optovue, Fremont, CA, USA). Fundus fluorescein angiography (Spectralis HRA, Heidelberg Engineering) was performed on the patients with moderate NPDR, severe NPDR, and PDR.

OCTA Image Acquisition and Analysis {#sec2-3}
-----------------------------------

The OCTA images were obtained using the split-spectrum amplitude decorrelation angiography algorithm incorporated with the RTVue-XR Avanti device with Angio Vue 2.0.[@bib25] Angio Retina 3.0 mm and HD Angio Retina 6.0 mm scans centered on the fovea, HD Angio Disc 4.5 mm scan centered on the disc, and GCC scan focused on the ganglion cells were used in this study. All OCTA scans were performed by a single experienced examiner, and the obtained images were individually reviewed by two investigators (XL and JX) for quality evaluation. Further, individual AL was obtained using LS900 to correct the retinal magnification of each OCTA image.

### Vessel Density and Retinal Thickness {#sec2-3-1}

A vessel density (VD) map is used to assess the relative density of flow as a percentage of the total area. With the assistance of en face OCT angiograms, SCP is defined as a slab extending from the internal limiting membrane to 10 µm above the inner plexiform layer, and DCP as a slab extending from 10 µm above the inner plexiform layer to 10 µm below the outer plexiform layer. Macular VD is distinctly evaluated from both SCP and DCP within the Early Treatment Diabetic Retinopathy Study 3 × 3 whole grid or 6 × 6 whole grid ([Figs. 1](#fig1){ref-type="fig"}A and [1](#fig1){ref-type="fig"}B). The peripapillary VD and the retinal nerve fiber layer (RNFL) thickness are quantified in the radial peripapillary capillary segment, which is defined as a slab extending from internal limiting membrane to RNFL. The area is divided into different sections, as shown in [Figures 1](#fig1){ref-type="fig"}C and [1](#fig1){ref-type="fig"}D.

![Angio retina and disc measurement zones. (**A**) A 3.0 mm scan centered on the fovea at the SCP. (**B**) A 6.0 mm scan centered on the fovea at the SCP. The Early Treatment Diabetic Retinopathy Study grid in the macular area comprises 2 (3.0 mm scan) or 3 (6.0 mm scan) concentric rings: 1 mm center (fovea), 1 to 3 mm (parafovea), and outer ring of 3 to 6 mm diameters (perifovea). The outermost rings in both 3.0 mm and 6.0 mm scans are further divided into four sectors (temporal \[T\], superior \[S\], nasal \[N\], and inferior \[I\]) or two hemispheres (superior hemisphere and inferior hemisphere) divided by a horizontal line through the foveal center. (**C**) Peripapillary VD. (**D**) Peripapillary retinal thickness. Peripapillary region at 4.5 mm scan is defined by two rings of 2 mm and 4 mm centered on the disc center. The modified eight peripapillary sectors grid aims to follow RNFL distribution and sectored to provide easier correlation with the visual field. The eight peripapillary sectors include nasal superior (NS), nasal inferior (NI), inferior nasal (IN), inferior temporal (IT), temporal inferior (TI), temporal superior (TS), superior temporal (ST), and superior nasal (SN).](iovs-61-5-39-f001){#fig1}

### FAZ Parameters {#sec2-3-2}

The FAZ parameters were evaluated using the nonflow area tool to provide automated FAZ segmentation, including FAZ area, FAZ perimeter, acircularity index (AI), and FD-300. Acircularity represents the extent to which FAZ differs from a perfect circle, with the value of 1.0 representing a perfect circle.[@bib14] FD-300 is a parameter that shows the capillary density from internal limiting membrane to outer plexiform layer in a 300 µm wide region around FAZ.

### GCC Parameters {#sec2-3-3}

A GCC scan is used to measure the thickness of the retinal GCC of diameter 6 mm, including the RNFL, ganglion cell layer, and inner plexiform layer. Further, the GCC thickness, focal loss volume (FLV), and global loss volume are automatically calculated. The FLV quantifies the amount of significant GCC loss, which is expressed as a percentage of the map with significant ganglion cell loss. The global loss volume quantifies the total amount of GCC loss over the entire GCC map, which is a sum of the pixels (where the fractional deviation map value is \< 0) divided by the total map area, to provide a percentage loss of GCC thickness.

Statistical Analysis {#sec2-4}
--------------------

All statistical analyses were performed using the SPSS statistical software (version 21.0) and R software (version 3.5.1). Continuous variables were presented as mean ± standard deviation, and sex was compared using a χ^2^ test. The AL, subfoveal choroidal thickness, and OCTA parameters in patients with different stages of DR were compared using one-way ANOVA. Data preprocessing, including log transformation, standardization, and normalization, was applied to all ophthalmic variables before constructing DR classification models. Penalized constrained continuation ratio models were fitted to individual block and combined block of OCTA image parameters using the glmnetcr package, an adaption of the LASSO regularization method. The final multivariate model was selected according to the minimum Bayesian information criterion. Ordinal logistic regression was performed to estimate the relationships between selected variables and stage of DR. Differences were considered to be statistically significant at a *P* value of less than 0.05.

Results {#sec3}
=======

A total of 259 eyes (136 participants: 78 males and 58 females) were analyzed, which included 110 eyes (63 patients) with no DR, 46 eyes (33 patients) with mild NPDR, 36 eyes (23 patients) with moderate NPDR, 36 eyes (22 patients) with severe NPDR, and 31 eyes (19 patients) with PDR. [Table 1](#tbl1){ref-type="table"} presents the demographics and the ocular biometric characteristics for patients with different stages of DR. The age and AL were significantly different at each stage of DR. In both the 3.0 mm and 6.0 mm scans, FAZ area, central foveal thickness and whole retinal thickness significantly increased, whereas whole SCP and DCP VD significantly decreased with the progression of DR.

###### 

Demographics and Ocular Biometric Characteristics for Patients With Different Stages of DR

                                      Stages of DR                                                                           
  ----------------------------------- ---------------- ---------------- ---------------- ----------------- ----------------- ---------
  Total number (eyes)                 110              46               36               36                31                
  DME number (eyes)                   0                0                5                15                7                 
  Age (years)                         56.94 ± 12.43    58.17 ± 9.47     63.08 ± 7.74     55.64 ± 10.65     52.45 ± 8.98      0.002
  Sex (male/female)                   42/21            22/11            10/13            12/10             8/11              0.134
  AL (mm)                             23.68 ± 0.95     23.59 ± 0.92     23.19 ± 0.82     23.34 ± 1.00      22.47 ± 0.75      \<0.001
  SFCT (µm)                           260.97 ± 73.94   249.15 ± 79.18   275.50 ± 63.20   259.50 ± 55.59    274.97 ± 12.50    0.41
  3.0 mm scan                                                                                                                
   FAZ area (mm^2^)                   0.31 ± 0.12      0.33 ± 0.14      0.37 ± 0.13      0.38 ± 0.15       0.37 ± 0.15       \<0.001
   Whole SCP VD (%)                   45.85 ± 3.92     45.22 ± 3.23     43.07 ± 3.68     38.36 ± 4.64      38.35 ± 4.69      \<0.001
   Whole DCP VD (%)                   49.93 ± 3.71     49.76 ± 4.09     46.18 ± 3.23     43.06 ± 3.93      42.24 ± 5.73      \<0.001
   Central foveal thickness (µm)      245.61 ± 19.51   245.46 ± 20.72   255.94 ± 41.44   311.56 ± 107.34   339.12 ± 180.75   \<0.001
   Whole retinal thickness (μm)       313.70 ± 18.39   311.00 ± 11.86   319.25 ± 23.00   365.50 ± 67.95    376.12 ± 112.94   \<0.001
  6.0 mm scan                                                                                                                
   FAZ area (mm^2^)                   0.29 ± 0.11      0.32 ± 0.14      0.37 ± 0.16      0.38 ± 0.14       0.43 ± 0.23       \<0.001
   Whole SCP VD (%)                   48.77 ± 3.75     48.59 ± 3.52     46.55 ± 3.32     43.90 ± 4.95      44.34 ± 5.41      \<0.001
   Whole DCP VD (%)                   49.36 ± 5.46     49.34 ± 5.73     45.70 ± 5.33     43.88 ± 4.94      42.08 ± 4.63      \<0.001
   Central foveal thickness (µm)      245.92 ± 19.17   245.59 ± 20.99   256.74 ± 42.86   309.12 ± 99.37    345.35 ± 207.12   \<0.001
   Whole retinal thickness (μm)       285.54 ± 17.16   283.43 ± 12.15   293.00 ± 16.56   332.35 ± 43.41    347.06 ± 93.38    \<0.001
  Whole peripapillary VD (%)          52.08 ± 3.21     51.77 ± 6.65     50.63 ± 3.24     48.64 ± 3.25      46.08 ± 5.65      \<0.001
  Peripapillary RNFL thickness (μm)   118.55 ± 14.28   113.25 ± 11.75   113.92 ± 10.83   125.31 ± 29.85    129.12 ± 28.99    \<0.001
  Total GCC thickness (μm)            100.05 ± 7.62    99.73 ± 7.17     104.68 ± 10.28   122.35 ± 22.87    139.74 ± 61.13    \<0.001

Values are number or mean ± standard deviation.

NDR, no DR; SD, stand deviation; SFCT, subfovea choroidal thickness.

Using LASSO regularization, six sensitive parameters related to the severity of DR were identified from 37 parameters in the 3.0 mm scan; similarly, eight sensitive parameters from 58 parameters in 6.0 mm scan, five sensitive parameters from 16 parameters in 4.5 mm scan, and two sensitive parameters from five parameters in the GCC scan were identified ([Table 2](#tbl2){ref-type="table"}). All the identified sensitive parameters had significantly statistical differences between each stage of DR ([Supplementary Table S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}).

###### 

LASSO Regularization Identified OCTA Parameters Related to the Severity of DR

  Dataset                                Total No. of Parameters   No. of Identified Parameters   Identified Parameters
  -------------------------------------- ------------------------- ------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  A. 3.0 mm scan                                                                                  
   FAZ metrics                           4                         2                              FAZ perimeter, FD-300
   Macular VD                            22                        3                              Inferior hemisphere SCP VD, temporal parafoveal DCP VD, nasal parafoveal DCP VD
   Retinal thickness                     11                        1                              Superior hemisphere foveal thickness
  B. 6.0 mm scan                                                                                  
   FAZ metrics                           4                         3                              FAZ perimeter, FD-300, AI
   Macular VD                            36                        4                              Temporal perifoveal SCP VD, Foveal DCP VD, temporal parafoveal DCP VD, nasal parafoveal DCP VD
   Retinal thickness                     18                        1                              Temporal perifoveal thickness
  C. 4.5 mm scan                                                                                  
   Peripapillary VD and RNFL thickness   16                        5                              Temporal superior peripapillary VD, nasal inferior peripapillary VD, temporal inferior peripapillary VD, temporal superior RNFL thickness, nasal inferior RNFL thickness
  D. GCC scan                            5                         2                              Total GCC thickness, FLV
  Combination 1                                                                                   
   A+C+D                                 58                        6                              FAZ perimeter, inferior hemisphere SCP VD, temporal parafoveal DCP VD, temporal superior peripapillary VD, total GCC thickness, FLV
  Combination 2                                                                                   
   B+C+D                                 79                        7                              Temporal perifoveal SCP VD, foveal DCP VD, temporal parafoveal DCP VD, temporal perifoveal thickness, temporal superior peripapillary VD, total GCC thickness, FLV

The odds ratios (OR) of selected parameters with DR stage were estimated using the ordinal logistic regression model within each individual block ([Table 3](#tbl3){ref-type="table"}) and combined block ([Table 4](#tbl4){ref-type="table"}) after adjusting for age, sex, and AL. As shown in [Table 3](#tbl3){ref-type="table"}, in 3.0 mm scans, FAZ perimeter (OR, 13.02; *P* \< 0.001) and superior hemisphere foveal thickness (OR, 14.5; *P* \< 0.001) were significantly high, whereas FD-300 (OR, --14.59; *P* \< 0.001), inferior hemisphere SCP VD (OR, --13.38; *P* \< 0.001), and temporal (OR, --10.70; *P* = 0.002) and nasal (OR, --7.72; *P* = 0.024) parafoveal DCP VD were significantly low with the progression of DR ([Figs. 2](#fig2){ref-type="fig"}A--[2](#fig2){ref-type="fig"}D). In the 6.0 mm scan, FAZ perimeter (OR, 10.71; *P* \< 0.001), AI (OR, 7.32; *P* = 0.04), and temporal perifoveal thickness (OR, 21.64; *P* \< 0.001) significantly increased, whereas FD-300 (OR, --7.66; *P* \< 0.001), temporal perifoveal SCP VD (OR, --8.51; *P* \< 0.001), foveal DCP VD (OR, --4.33; *P* = 0.02), and temporal (OR, --8.50; *P* = 0.046) and nasal (OR, --7.25; *P* = 0.007) parafoveal DCP VD significantly decreased with the worsening of the DR stage ([Figs. 2](#fig2){ref-type="fig"}F--[2](#fig2){ref-type="fig"}I). In the 4.5 mm scan, temporal superior (OR, --9.78; *P* \< 0.001), nasal inferior (OR, --7.56; *P* \< 0.001), and temporal inferior (OR, --5.47; *P* = 0.021) peripapillary VD significantly decreased, whereas temporal superior (OR, 7.43; *P* \< 0.001) and nasal inferior RNFL thickness (OR, 5.43; *P* = 0.022) significantly increased with the increase in DR severity ([Figs. 2](#fig2){ref-type="fig"}E and [2](#fig2){ref-type="fig"}J). Further, a significant increase in total GCC thickness (OR, 27.42; *P* \< 0.001) and FLV (OR, 13.72; *P* \< 0.001) was observed with the progression of DR. [Figure 3](#fig3){ref-type="fig"} shows the representative OCTA images of eyes with different stages of DR.

###### 

Ordered Multiclass Logistic Regression Model for the Most Parsimonious Parameters Related to the Severity of DR in Individual Blocks

  Parameters[^\*^](#tb3fn1){ref-type="table-fn"}   OR Value   Standard Error   *P* Value
  ------------------------------------------------ ---------- ---------------- -----------
  A. 3.0 mm scan                                                               
   FAZ perimeter                                   13.02      2.27             \<0.001
   FD-300                                          −14.59     2.18             \<0.001
   Inferior hemisphere SCP VD                      −13.38     2.55             \<0.001
   Temporal parafoveal DCP VD                      −10.70     3.63             0.002
   Nasal parafoveal DCP VD                         −7.72      3.37             0.024
   Superior hemisphere foveal thickness            14.50      2.30             \<0.001
  B. 6.0 mm scan                                                               
   FAZ perimeter                                   10.71      2.89             \<0.001
   AI                                              7.32       3.71             0.03
   FD-300                                          −7.66      2.14             \<0.001
   Temporal perifoveal SCP VD                      −8.51      2.23             \<0.001
   Foveal DCP VD                                   −4.33      2.17             0.046
   Temporal parafoveal DCP VD                      −8.50      2.83             0.002
   Nasal parafoveal DCP VD                         −7.25      2.77             0.007
   Temporal perifoveal thickness                   21.64      2.76             \<0.001
  C. 4.5 mm scan                                                               
   Temporal superior peripapillary VD              −9.78      2.33             \<0.001
   Nasal inferior peripapillary VD                 −7.56      2.23             \<0.001
   Temporal inferior peripapillary VD              −5.47      2.37             0.021
   Temporal superior RNFL thickness                7.43       2.37             \<0.001
   Nasal inferior RNFL thickness                   5.43       2.40             0.022
  D. GCC scan                                                                  
   Total GCC thickness                             27.42      3.16             \<0.001
   FLV                                             13.72      2.46             \<0.001

Adjusting for age, sex, and AL. OR, odds ratio.

###### 

Ordered Multiclass Logistic Regression Model for the Most Parsimonious Parameters Related to the Severity of DR in Combined Blocks

  Parameter[^\*^](#tb4fn1){ref-type="table-fn"}   OR Value   Standard Error   *P* Value
  ----------------------------------------------- ---------- ---------------- -----------
  Combination 1                                                               
   FAZ perimeter                                  6.84       2.34             0.003
   Inferior-hemisphere SCP VD                     −12.18     2.80             \<0.001
   Temporal parafoveal DCP VD                     −10.11     2.98             \<0.001
   Temporal superior peripapillary VD             −5.22      2.53             0.034
   Total GCC thickness                            17.46      3.05             \<0.001
   FLV                                            5.92       2.50             0.017
  Combination 2                                                               
   Temporal perifoveal SCP VD                     −8.37      2.38             \<0.001
   Foveal DCP VD                                  −5.64      2.36             0.016
   Temporal parafoveal DCP VD                     −6.15      2.53             0.014
   Temporal perifoveal thickness                  11.73      4.10             0.003
   Temporal superior peripapillary VD             −7.01      2.33             0.002
   Total GCC thickness                            13.51      4.19             0.001
   FLV                                            7.15       2.58             0.005

Adjusting for age, sex, and AL. OR, odds ratio.

![Schematic presentation illustrating the parsimonious parameters in an individual block on OCTA images at different scans. (**A**--**D**): A 3.0 mm scan. (**A**) FAZ perimeter and FD-300 (*yellow ring*). (**B**) Inferior hemisphere SCP VD (*yellow*). (**C**) Temporal and nasal parafoveal DCP VD (*blue*). (**D**) Superior hemisphere foveal thickness (*gray*). (**F**--I**)** A 6.0 mm scan. (**F**) FAZ perimeter and FD-300 (*yellow ring*). (**G**) Temporal perifoveal SCP VD (*yellow*). (**H**) Foveal, temporal and nasal parafoveal DCP VD (*blue*). (**I**) Temporal perifoveal thickness (*gray*). (**E** and **J**) A 4.5 mm scan. (**E**) Temporal superior, nasal inferior and temporal inferior peripapillary VD (*yellow*). (**J**) Temporal superior and nasal inferior RNFL thickness (*gray*).](iovs-61-5-39-f002){#fig2}

![Representative OCTA images of eyes with different stages of DR at the 3.0 mm and 6.0 mm scans for macular VD in SCP and DCP, and 4.5 mm scan for peripapillary VD and RNFL thickness. NDR, no DR.](iovs-61-5-39-f003){#fig3}

[Table 4](#tbl4){ref-type="table"} summarizes the results of the combined blocks. With the progression of DR, a significant increase in FAZ perimeter (OR, 6.84; *P* = 0.003), total GCC thickness (OR, 17.46; *P* \< 0.001), and FLV (OR, 5.92; *P* = 0.017), and a significant decrease in VD in inferior hemisphere SCP (OR, -12.18; *P* \< 0.001), temporal parafoveal DCP (OR, -10.11; *P* \< 0.001), and temporal superior peripapillary sector (OR, --5.22; *P* = 0.034), were found in combination 1 ([Figs. 4](#fig4){ref-type="fig"}A--[4](#fig4){ref-type="fig"}D, [4](#fig4){ref-type="fig"}H). In combination 2, VD in temporal perifoveal SCP (OR, --8.37; *P* \< 0.001), foveal DCP (OR, --5.64; *P* = 0.016), temporal parafoveal DCP (OR, --6.15; *P* = 0.014), and temporal superior peripapillary sector (OR, --7.01; *P* = 0.002) significantly decreased, whereas temporal perifoveal thickness (OR, 11.73; *P* = 0.003), total GCC thickness (OR, 13.51; *P* = 0.001), and FLV (OR, 7.15; *P* = 0.005) significantly increased with the increase in DR severity ([Figs. 4](#fig4){ref-type="fig"}D--[4](#fig4){ref-type="fig"}H).

![Schematic presentation illustrating the parsimonious parameters in combined blocks on OCTA images at different scans. (**A**--**C**) A 3.0 mm scan in combination 1. (**A**) FAZ perimeter (*yellow ring*). (**B**) Inferior hemisphere SCP VD (*yellow*). (**C**) Temporal parafoveal DCP VD (*blue*). (**E**--**G**) A 6.0 mm scan in combination 2. (**E**) Temporal perifoveal SCP VD (*yellow*). (**F**) Foveal and temporal parafoveal DCP VD (*blue*). (**G**) Temporal perifoveal retinal thickness (*gray*). (**D**) GCC scan in combinations 1 and 2. (**H**) Temporal superior peripapillary VD (*yellow*) in 4.5 mm scan in combination 1 and 2.](iovs-61-5-39-f004){#fig4}

In addition, considering that DME could naturally result in the increase of retinal and GCC thickness with the progression of DR, we further analyzed the demographics, ocular biometric characteristics and OCTA parameters in patients without DME ([Supplementary Tables S2](#iovs-61-5-39_s001){ref-type="supplementary-material"} to [S5](#iovs-61-5-39_s001){ref-type="supplementary-material"}). The results were similar to those in patients with DME. In both 3.0 mm and 6.0 mm scans, OCTA parameters were consistent with those in eyes with DME except nasal parafoveal DCP VD and AI ([Supplementary Fig. S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}A--[S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}D, [S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}F--[S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}I). In 4.5 mm scans, except temporal inferior peripapillary VD and nasal inferior RNFL thickness, decreased temporal superior and nasal inferior peripapillary VD, and increased temporal superior RNFL thickness, were similar to the results in eyes with DME ([Supplementary Fig. S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}E and [S1](#iovs-61-5-39_s001){ref-type="supplementary-material"}J). The results of GCC scan were consistent with those in eyes with DME. In both combinations 1 and 2, OCTA parameters were consistent with those in eyes with DME except temporal parafoveal DCP VD ([Supplementary Fig. S2](#iovs-61-5-39_s001){ref-type="supplementary-material"}).

Discussion {#sec4}
==========

This study demonstrated retinal microvascular and neural changes in all stages of DR based on different OCTA scan patterns, including retina 3.0 mm, retina 6.0 mm, disc 4.5 mm, and GCC scans. Furthermore, a set of OCTA parameters related to DR severity were identified from numerous parameters of each scanning pattern, including FAZ perimeter; FD-300; temporal perifoveal SCP VD and retinal thickness; temporal and nasal parafoveal DCP VD; peripapillary VD in temporal superior, nasal inferior, and temporal inferior sectors; temporal superior and nasal inferior peripapillary RNFL thickness; GCC thickness; and FLV.

OCTA has been widely considered as an effective tool to diagnose and evaluate DR. However, because of the diversity of scanning patterns and parameters, OCTA generates complicated results and confuses the clinical assessment. Therefore, we used the LASSO regression model to identify sensitive OCTA parameters related to the severity of DR in different scanning patterns. From a total of 116 parameters of four scanning patterns related to retinal VD, retinal thickness, and neural changes, 21 sensitive parameters were identified; furthermore, six and seven sensitive parameters were identified in two combined blocks. The results of this study indicate that identifying and observing these parameters could contribute to a more rapid and an accurate assessment of DR.

Because DR may cause extensive damage to the retinal microvasculature, we examined the ability of the two retinal scanning patterns in OCTA, namely, a 3.0 mm scan and a 6.0 mm scan, to predict the vascular structure alterations in DR. Although the images obtained from both these scanning patterns effectively differentiated early and late stages of DR, their results were not accurately consistent. This discrepancy could be attributed to their different detection sensitivities for different subfields caused by the difference in scanning resolution and range. In a 3.0 mm scan, the sampling density is 304 × 304 and the range is a 3-mm wide area from the fovea; in a 6.0 mm scan, they are 400 × 400 and a 6-mm wide area from the fovea. Because the microvasculature damage of DR usually begins around the macula, and the 3.0 mm scan generates high-quality images in this area, Hirano et al.[@bib4] considered 3.0 mm scan images to be the best for predicting the presence/absence of DR. However, with the progress of retinopathy, the macular damage aggravates and enlarges, and the 6.0 mm scan could thus be more suitable to detect these changes; specifically, in our study it showed significant differences in VD and retinal thickness of temporal perifoveal SCP. Based on previous studies and ours, we postulate 3.0 mm scan to be more appropriate for early DR, and a 6.0 mm scan for advanced DR.

The FAZ is a physiologic and capillary-free area in the center of the macula, which is responsible for epicritic vision and central vision.[@bib26] Previous analyses of the FAZ in DR have indicated an increase in the dimensions of FAZ that is related to disease severity, including area, diameter, perimeter, and AI.[@bib3]^,^[@bib5]^,^[@bib6]^,^[@bib19] Our findings indicate that the significant increase in the FAZ perimeter, enlarged AI, and decreased FD-300 are associated with the DR progression; however, the FAZ area exhibited no significant difference when a set of FAZ parameters were considered simultaneously, suggesting that FAZ becomes more acircular and exhibits a decrease in capillary density with DR progression, which influences the FAZ perimeter, AI, and FD-300, but not the area.[@bib1]^,^[@bib14] These changes in the FAZ margin are largely due to capillary dropout, as well as macular vascular remodeling, which causes a decrease in vascular density and perfusion index.[@bib27] The pathologic mechanisms underlying these changes are multifactorial, with capillary occlusion and hemodynamic disorder, such as blood flow reduction,[@bib28] endothelial dysfunctions,[@bib29] and an increase in vascular endothelial growth factor level.[@bib30] After adjusting for age, sex, and AL, this study demonstrates that the FAZ perimeter and the FD-300 in both 3.0 mm and 6.0 mm scans could be good indicators of vascular loss to predict and classify the stage of DR.

The role of VD in vascular abnormalities involved in the macular area has been widely discussed. Recent studies have revealed a reduction in macular VD in the superficial and deep retinal layers in eyes with preclinical DR, early DR, or worsening DR,[@bib1]^,^[@bib8]^,^[@bib10]^,^[@bib12]^,^[@bib13]^,^[@bib19] suggesting that VD could be one of the most sensitive metrics for diagnosis and monitoring of DR. Further, it has been reported that vascular disorder of DR exhibits a nonuniform distribution within the retina.[@bib31] Moreover, Kaizu et al.[@bib6] indicated that the appearance of spatial biases of macular capillary dropout with the onset of DR, and that the hierarchical bias of VD significantly shifts to a DCP dominance with the progression of DR. In our study, the DCP in macular fovea and parafovea had a low VD, which result is consistent with that of several studies on the deep plexus dominance of DR-related vascular disorders.[@bib6]^,^[@bib7] Moreover, we found that SCP in the temporal perifovea exhibits an increase in microvascular dropout, with an increase in the severity of DR. Our findings suggest that the progression of DR differentially affects the SCP and the DCP in different susceptible subfields. Future studies are required to investigate these specific effects.

As a neurodegenerative disease, retinal vascular and optic neuronal damages have already started, even in preclinical DR. In studies related to primary open-angle glaucoma,[@bib16] hypertensive retinopathy,[@bib32] and preclinical or early DR,[@bib5]^,^[@bib20]^--^[@bib22] a significant decrease in peripapillary VD, peripapillary RNFL thickness, and GCC thickness has been reported. Our study presented similar results for early DR, and further found more sensitive parameters related to the severity of DR, including VD in the temporal superior, nasal inferior, and temporal inferior peripapillary areas; RNFL thickness in temporal superior and nasal inferior areas; GCC thickness; and FLV. However, differing from the case of early DR, the thickness in RNFL and GCC increased with the progression of DR, even in eyes without DME. We speculate that, with the aggravation of retinopathy, nerve cells swelling or even death could result in an increase in RNFL and GCC thickness. Our results reconfirm that the chronic damage induced by hyperglycemia is not only characterized by vascular loss and remodeling in the macular area, but also represented as changes in the disc capillaries and the ganglion cells.

To our knowledge, this study innovatively quantified and compared the microvascular and the neural changes in all stages of DR using OCTA. Because DR is a neurovascular degenerative disease, we consider that the 6.0 mm scan, along with 4.5 mm scan and GCC scan, could be the best scanning pattern to assess the DR severity. The temporal perifoveal SCP VD and retinal thickness, temporal parafoveal and foveal DCP VD, temporal superior peripapillary VD, GCC thickness, and FLV could be the best parameters to effectively identify and differentiate the severity of DR. However, several limitations are inevitable in this study: one is the limitation of OCTA technology with a macular scanning area, which does not provide the vascular changes in the midperipheral retina. Because the vascular alterations in DR extend beyond the posterior pole, a wide-field OCTA scan such as 12.0 mm pattern could be more useful to evaluate DR. DR pathology may thus be evaluated in greater detail by a combination of OCTA scan patterns and sizes. Another limitation is the number of samples considered in this study. The relatively small number of eyes could have caused the variation in the results of 3.0 mm and 6.0 mm scans, in addition to the difference in scanning resolution and range of these scans.

In conclusion, our study confirmed that DR is a diabetic complication that includes both retinal microvascular impairment and neural changes. After adjusting for age, sex, and AL, we quantified a set of microvascular and neural OCTA parameters related to the severity of DR, which could accurately differentiate the stages of DR. Further studies on ocular and systemic parameters are required to compose and validate an effective model for better screening and evaluation of DR.
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